Tectonic earthquake swarms challenge our understanding of earthquake processes since it is difficult to link observations to the underlying physical mechanisms and to assess the hazard they pose. Transient forcing is thought to initiate and drive the spatio-temporal release of energy during swarms. The nature of the transient forcing may vary across sequences and range from aseismic creeping or transient slip to diffusion of pore pressure pulses to fluid redistribution and migration within the seismogenic crust. Distinguishing between such forcing mechanisms may be critical to reduce epistemic uncertainties in the assessment of hazard due to seismic swarms, because it can provide information on the frequency-magnitude distribution of the earthquakes (often deviating from the assumed Gutenberg-Richter relation) and on the expected source parameters influencing the ground motion (for example the stress drop). Here we study the ongoing Pollino range (Southern Italy) seismic swarm, a long-lasting seismic sequence with more than five thousand events recorded and located since October 2010. The two largest shocks (magnitude M w = 4.2 and M w = 5.1) are among the largest earthquakes ever recorded in an area which represents a seismic gap in the Italian historical earthquake catalogue. We investigate the geometrical, mechanical and statistical characteristics of the largest earthquakes and of the entire swarm. We calculate the focal mechanisms of the M l > 3 events in the sequence and the transfer of Coulomb stress on nearby known faults and analyse the statistics of the earthquake catalogue. We find that only 25 per cent of the earthquakes in the sequence can be explained as aftershocks, and the remaining 75 per cent may be attributed to a transient forcing. The b-values change in time throughout the sequence, with low b-values correlated with the period of highest rate of activity and with the occurrence of the largest shock. In the light of recent studies on the palaeoseismic and historical activity in the Pollino area, we identify two scenarios consistent with the observations and our analysis: This and past seismic swarms may have been 'passive' features, with small fault patches failing on largely locked faults, or may have been accompanied by an 'active', largely aseismic, release of a large portion of the accumulated tectonic strain. Those scenarios have very different implications for the seismic hazard of the area.
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. Map of Pollino region and seismicity from 1981 to 2009 (black circles) and colour-coded from 2010. White stars indicate earthquakes with magnitudes larger than 3.5 and focal mechanisms of the largest events are reported. Fault traces are from Frepoli et al. (2011) . Rectangles are the surface projections of the faults and arrows indicate the sense of slip according to Basili et al. (2008) and DISS working group (2010) . MB, CF, PF, CivF, stand for Mercure basin Fault, Castrovillari Fault, Pollino Fault and Civita Fault, respectively. In the inset: Map of South Italy with a red box indicating the study area at the border between southern Apennines and Calabrian arc. Lightgrey dots is seismicity (M l > 3) from 1981 to 2010 and the position of Calabrian trench is reported.
as its tectonic role and the seismic potential of the area are poorly understood so far (Faccenna et al. 2011) .
The major mapped faults of the region are the Mercure Basin fault in the northern part of the Pollino range, the Pollino fault running WNW-ESE parallel to the mountain chain, the Castrovillari fault which trends NNW-SSE and the approximately N-S trending Civita fault, both branching off the Pollino fault (Cinti et al. 1997 (Cinti et al. , 2002 Michetti et al. 1997; Papanikolaou & Roberts 2007; Basili et al. 2008; Frepoli et al. 2011) . The Mercure Basin fault in the north and the system of faults in the south are located in two pull-apart basins of the western sector of the Pollino range, the Mercure basin and the Morano-Castrovillari basin, respectively (Martini et al. 2001 ). In the 1000-yr-long historical catalogue of the Italian earthquakes there are no M > 6 events associated with either of those tectonic structures (Rovida et al. 2011 ). On 1998 September 9, a M w = 5.6 normal faulting event 'reactivated' seismically the northern part of the Mercure basin (Arrigo et al. 2006; Brozzetti et al. 2009 ). The Pollino and Castrovillari faults have been silent, despite the fact that palaeoseismological investigations on both faults suggest at least four M > 6 events occurred within a few thousand years (Cinti et al. 1997; Michetti et al. 1997) . The lack of large earthquakes rank the region as one of the most prominent seismic gaps in the Italian peninsula (Valensise & Guidoboni 2000) .
Since Fall 2010, some bursts of seismicity together with a high level of background activity have been occurring in the northern part of the Pollino range in an area of about 20 × 20 km 2 . The individual bursts are accompanied by migration of the earthquake hypocentres and by activation of nearby structures. The largest events recorded during the sequence were a M w = 4.2 on the 2012 May 28 and a M w = 5.1 on the 2012 October 25. At the time of writing, the latter represents the main shock of the sequence (Masi et al. 2014) . This seismic sequence activated unknown faults at the margin of the main pull-apart basins of the region.
Several areas of Europe are affected by tectonic earthquake swarms (Apennine chain, Italy, Tjörnes Fracture Zone, North Iceland, Western Alps Italy-France, Corinth Rift, Greece just to mention some examples) or swarms of debated origin (Vogtland, Germany/Czech Republic), not to mention seismic swarms induced by man-made fluid injections or linked to large water reservoirs (an example close to Pollino is the Pertusillo reservoir in Val d'Agri, see Stabile et al. 2014) . Seismic swarms are often of mild intensity, but occasionally they do include one or a series of damaging earthquakes (Keranen et al. 2013; McGarr 2014) . Seismic swarms are poorly understood. Not much is known about the physical mechanisms behind their nucleation and development or their potential to influence nearby active fault zones or the short and long-term local seismic hazard.
Systematic analysis of swarm activity has helped identify so far the main differences between seismic swarms and aftershock sequences (Hainzl & Fischer 2002; Hainzl & Ogata 2005; Lohman & McGuire 2007; Hainzl et al. 2012) : (1) seismic swarms are not dominated by a single large magnitude event occurring at the start of the crisis, rather, seismic swarms may include several earthquakes of similar large magnitude and the largest events do not occur necessarily early in the sequences; (2) the temporal evolution of the seismic rate in swarms does not follow the Omori law: the seismic rate may increase and decrease at varying pace and there is no theoretical model yet for the temporal evolution; (3) the frequency-magnitude distribution of shocks in swarms often shows large, still unexplained, b-values and variations in b-values or even deviates significantly from the Gutenberg-Richter (GR) law; (4) seismic swarms generally affect rock volumes much larger than what is suggested by the magnitude of the largest event or events; (5) seismicity in swarms does not light up the entire area directly but shows a significant spread or migration from early on in the sequence. Earthquake-induced static and dynamic stress transfer, thought to be the underlying mechanism for aftershock occurrence, cannot explain seismic swarms: an additional forcing is necessary.
It has been proposed that seismic swarms may be linked to a release of tectonic strain intermediate between the instantaneous strain release given by large shocks and slow, silent earthquakes (Peng & Gomberg 2010) . In many cases, seismic swarms may accompany slow earthquakes (Linde et al. 1996; Lohman & McGuire 2007; Ozawa et al. 2007 ). For such cases, the same seismogenic structure shows two different rheological behaviours: aseismic slow slip and regular earthquake, active at the same time in interfingered fault patches. Seismic swarms in subduction megathrust areas seem to repeatedly occur between areas ruptured by larger thrust events and coincide with areas where accumulation of interseismic strain is low (Holtkamp & Brudzinski 2014) . Therefore, these regions illuminated by seismic swarms are supposed to mark rheological segmentations of large tectonic structures implying heterogeneity in the stress field not allowing large rupture to propagate. Indeed, strain is released in swarm regions by a combination of seismic brittle failure and aseismic slip (Holtkamp & Brudzinski 2014) . Furthermore, slow slip events and the associated swarm activity can also trigger large thrust events on adjacent brittle fault segments as in the 2011 Tohoku earthquake (Kato et al. 2012) .
The physical mechanisms proposed for the origin and evolution of elastic fracturing during 'natural' tectonic swarm-like activity include: (i) rupture patches migrating or expanding due to the diffusion of pore-pressure lowering the effective normal stress on the rupture plane (Shapiro et al. 1997; Hainzl & Ogata 2005) ; (ii) natural hydraulic fracturing inducing elastic failure close to its tips Hainzl et al. 2012) ; where a combination of pore-pressure diffusion and hydrofracturing (a hydrofracture leaking fluids into pores) is also possible (Hainzl et al. 2012) and (iii) slow-slip events or aseismic creep (themselves possibly driven by pressurised fluids) redistributing elastic stress along a large fault area (Lohman & McGuire 2007; Peng & Gomberg 2010) .
All this processes would cause an additional time-dependent forcing mechanism acting on top of the long-term tectonic loading and each of them would imply a different level of elastic energy stored in the seismic structures. This may change considerably the hazard of the region. Usually, hazard maps are calculated by assuming a Gutenberg-Richter relation and a maximum magnitude based on the secular tectonic load and historical seismicity of the area. Decreasing the epistemic uncertainties on these assumptions might be critical to obtaining a reliable estimate of short and long-term hazard and the related uncertainties.
Distinguishing between the different physical mechanisms of swarm generation is, in principle, possible if high-quality monitoring is available since the mechanisms are linked to different patterns or values in a set of observables. For instance, pore pressure diffusion is expected to produce a spreading front of seismicity with typical velocities of up to several tens of meters per day (Hainzl & Ogata 2005) . Transient slow slip on faults as the driving force for earthquake swarms is expected to produce measurable deformation at the surface and migration velocity of the accompanying seismic swarm of hundreds of metres per hour (Lohman & McGuire 2007) .
Here we analyse in detail the Pollino sequence from October 2010 to the end of March 2014 using the earthquake locations and waveform of largest events publicly available at http://iside.rm.ingv.it. We aim to constrain, among the suggested models for tectonic swarms, the possible driving force and discuss the implications for the seismic hazard. We first introduce the area geologically and revise the poor knowledge of historical seismic activity of the Pollino region. We describe in detail the sequence and calculate the focal mechanisms of the largest events in order to put seismotectonic constraints on the structures hosting the swarm. We investigate the role of Coulomb stress on the swarm focal area and the silent structure in the Castrovillari basin and the statistics of the events in the swarm and their time evolution. We finally discuss the known structures in the area, how they are affected by transient forcing and how this may inform the hazard assessment for the Pollino region.
Tectonic setting of the Pollino range, Southern Italy
The Pollino range is a complex morpho-tectonic structure located at the northern edge of the Calabrian arc lying at the conjuction between the end of the Southern Apennines and the Calabrian Arc (Ferranti et al. 2009; Faccenna et al. 2011, Fig. 1) . The Pollino range is composed of Meso-Cenozoic shallow water carbonate succession forming a NE-dipping monocline. The present morpho-tectonics, which modified the pre-existing fold-and-thrust belt, may originate from a transpressional regime focused in the lower Pleistocene on a N120 o E trending fault, often referred as the Pollino shear zone. By the middle Pleistocene a counter-clockwise rotation of the carbonatic block turned the strike-slip regime into a northeast-southwest extension (Schiattarella 1998) . Such an extensional stress field results in a complex system of normal faults striking nearly parallel to the Apennines chain and bordering the south-western boundary of the Pollino range (Schiattarella 1998; Ferranti et al. 2009; Ferranti et al. 2014) . Other structural investigations using seismic reflection profiles and local network seismicity suggest a still ongoing transpressional regime with left-lateral kinematics in the easternmost and offshore part of the Pollino shear zone (Catalano et al. 1993; Ferranti et al. 2009 ), while inversion of deformation data suggests a transtensional regime of the western part of the range in the Mercure and Morano-Castrovillari basin (Ferranti et al. 2014) .
The Pollino region as well as the whole northern Calabria undergo uplift at a rate of about 1 mm yr −1 (Ferranti et al. 2009 ). Regional geomorphological investigations, constrained by studying the flights of marine terraces at the northern shores of the Ionian, show a long wavelength (∼100 km) uplift of the Pollino region superimposed to a smaller scale uplift (∼10 km) (Ferranti et al. 2009; Faccenna et al. 2011) . At present, the main northeast-southwest anti-apenninic extensional stress field is the dominant stress field of the central part of the Pollino range. This has been confirmed by geodetic measurements (Serpelloni et al. 2005; Ferranti et al. 2014) and stress tensor inversion of focal mechanisms solutions (Maggi et al. 2009; Frepoli et al. 2011; Palano et al. 2011; Totaro et al. 2013) . Therefore, on the local scale the inland ongoing extensional stress field within the Pollino range may be accommodated by basin-forming normal faulting (Martini et al. 2001) .
The mapped normal faults in the region are the Mercure Basin fault in the northern part of the Pollino chain, the Pollino fault running WNW-ESE parallel to the mountain chain, and two smaller structures branching off the Pollino fault: The Castrovillari fault striking NNW-SSE and the Civita Fault with a NNE-SSW trend ( Fig. 1) (Maggi et al. 2009; Frepoli et al. 2011) . Recently, Brozzetti et al. (2009) identified a large normal fault structure dipping southwest and bordering the Mercure Basin at the northwest and named Castello Seluci to Piana Perretti and Timpa della Manca Fault. They also proposed this structure as the fault activated by the September 1998 M w 5.6 event. Given, however, the complicated and scarce surface expression of these faults and the lack of seismic activity associated with them, the rank of the master fault in the southern part of Pollino range is still debated (Michetti et al. 1997; Cinti et al. 1997 Cinti et al. , 2002 Spina et al. 2009; Palano et al. 2011) .
Recent analysis of surface velocities using permanent and a temporary Global Navigation Satellite System (GNSS) network shows extension at a rate of 1.5 and 0.5 mm yr −1 across the Mercure Basin fault and the Pollino fault, respectively (Ferranti et al. 2014 ). Therefore, geodetic data exclude a left-lateral transpressional regime of the inland part of the Pollino shear zone; they show instead normal faulting kinematics with a small component of dextral motion. However, the large interstation distances, within the GNSS station network result in large uncertainties associated with the measurements. When linked to the kinematics of the Southern Apennines, deformation in the southwestern sector of the Pollino range seems to be accommodated primarily by normal faulting with a decrease in extension rate moving from north to south while approaching the end of the Southern Apennines chain (Ferranti et al. 2014) .
The crustal properties in the Pollino range are poorly known. Only a few tomographic studies have been carried out so far in the Pollino area (Barberi et al. 2004; Orecchio et al. 2011; Totaro et al. 2014) . Barberi et al. (2004) performed a seismic tomographic inversion for v p and the v p /v s ratio using natural earthquakes and artificial sources in 10 km crustal layers down to 40 km depth. For the Pollino area they found a pronounced anomaly of v p /v s ratio with values greater than 1.9 in the Pollino range in the layer 0-10 km. The anomaly seems to disappear at depths of 10-20 km and it appears again in the 20-30 km layer. A recently published crustal tomographic investigation also using the events of the 2010-2013 swarm sequence found an even larger volume with a prounanced v p /v s anomaly in the shallowest 10 km of the crust (Totaro et al. 2014) . This is broadly interpreted by invoking high crack density, presence of fluids or porous rocks filled by fluids (Barberi et al. 2004; Totaro et al. 2014) . The presence of fluid circulation in terms of deep meteoric water infiltration underneath the Pollino range is also invoked to explain the anomalously low geothermal gradient of the region (Della Vedova et al. 2001) .
Historical seismicity
In the 1000-yr-long historical catalogue of the Italian earthquakes (Rovida et al. 2011) there are no M > 6 events associated with either of the faults of the study area. This was first recognized by Omori at the beginning of the last century (Omori 1909 ) and further detailed through historical investigation by referring to this lack of large events as the 'Pollino seismic gap' (Valensise & Guidoboni 2000) . However, on the 1998 September 9, a M w = 5.6 normal fault event 'reactivated' the Mercure Basin fault (Michetti et al. 2000; Arrigo et al. 2006; Maggi et al. 2009 ) having a geometry compatible with the geologically mapped fault (Basili et al. 2008 ).
On the contrary, the Pollino and Castrovillari faults are still silent although palaeoseismological investigations on both faults suggest several M > 6 events occurred within the last 10 000 yr (Cinti et al. 1997 (Cinti et al. , 2002 Michetti et al. 1997) .
Five historical earthquakes (1693, 1708, 1792, 1825 and 1894) with magnitude comparable or slightly smaller than the 2012 October 25 main shock are listed in the parametric catalogue of Italian earthquakes (Rovida et al. 2011) . Their inferred epicentral locations are in the northern part of the Pollino range with macroseismic magnitudes ranging from 4.5 to 5.5. The earliest event occurred on 1693 January 8 near the supposed intersection of the Pollino and Castrovillari faults (Guidoboni et al. 2007; Rovida et al. 2011; Tertulliani & Cucci 2014 ). The 1693 earthquake had an estimated magnitude of 5.7 (Guidoboni et al. 2007 ) which recently has been revised to 5.2 by integrating different historical sources (Tertulliani & Cucci 2014) . According to the authors, this earthquake occurred during a year-long sequence of seismic activity felt by the local population suggesting a large similarity with the ongoing seismic sequence. Also the 1708 event was part of a longer sequence that lasted for several months, with the strongest shocks occurring in a three day long period . This may be an indication that repeating swarm-like sequences characterize the seismicity of the Pollino region.
Chronology of the seismicity
The current activity started at the end of 2010. More than 6000 events (at the time of writing) have been located by INGV, most with shallow (<15 km) hypocentral depth (Govoni et al. 2013; Totaro et al. 2013) . As documented by Govoni et al. (2013) , the seismicity on the Mercure Basin fault seems not to be confined to the fault activated by the 1998 M w = 5.6 event (Arrigo et al. 2006; Govoni et al. 2013 ), but to depict a more complicated system of faults (Govoni et al. 2013; Totaro et al. 2013) . The activity peaked on 2012 October 25 with a M l = 5.2 event striking in the southern part of the Mercure Basin fault (Govoni et al. 2013) . The event caused damage in villages around the epicentral area leaving more than hundred families homeless. After about one month, the seismic activity decreased drastically to approximately ten events per day until the beginning of Spring 2014.
In this study, we make use We first check the temporal homogeneity of the catalogue by analysing the temporal evolution of its completeness. We group the events in subsets of 500 and infer the parameters of the frequencymagnitude distribution by using the b-stability method (Woessner & Wiemer 2005) . The results for the coupled inference of b-values and magnitudes of completeness (M c ) show the latter being rather stable in time, taking values between 1.1 and 1.3, while the associated b-values have small variations during the period of high seismic activity (Fig. 2) . The inferred b-values and magnitudes of completeness are also consistent with those inferred using all events in the catalogue. We postpone a detailed analysis of b-values variation until later in the paper after a detailed description of the different phases of the sequence. We identify six different phases (1-6) according to major changes in the temporal evolution of the daily rate of activity (Fig. 3) . Phase 0 refers to the seismicity that occurred in 2010 before the onset of the swarm. The location errors of the catalogue are on the order of kilometres thus making difficult an accurate analysis of the spatial distribution of events. This partitioning can be later refined when precise earthquake locations will be available in order to account also for the spatial separation of the bursts of activity.
The seismicity recorded from April 2006 till the end of 2009 shows a moderate activity (Fig. 3) . Almost all activity consisted of microseismicity (M l ≤ 3.4). Only one shallow (depth < 2 km) M l = 3.4 event occurred at the end of January 2007 with epicentre between the easternmost tip of the Mercure Basin fault and the Pollino fault (Fig. 1) . Although the daily rate of seismicity shows a slow increase from late 2009 until the beginning of 2010, the location of events does not show any sign of spatial clustering. There was an increase in events detected between early 2010 and October 2010 (phase 0). They were also widely spread along the fault traces depicted in Fig. 3 .
The activity suddenly started to ramp up on 2010 October 2 with a high seismicity rate lasting for less than one month (phase 1). The epicentral locations show NNE alignment with a clear spatial clustering (Fig. 3) . This sudden increase is followed by almost one year of moderate activity (phase 2) with a few events per day. The epicentres show the same alignment as the previous burst but slightly shifted to the west and to the east (Fig. 3) . During this phase few tens of events occurred, with scattered epicentres. In September 2011 the seismic activity showed a fast acceleration (phase 3) until the end of the year followed by a slower deceleration until May 2012. The magnitudes of the events increased and four M > 3 earthquakes occurred. Their epicentral locations cluster at the northern tip of the previous activity, lighting up a larger area compared with the previous phases 1 and 2 (Fig. 3) .
At the end of May 2012 the activity migrated eastward and a smaller cluster of events accompanied a shallow M l = 4.3 earthquake on 2012 May 28 (phase 4 in Fig. 3 ). The event represents the second largest shock of the entire sequence. The rate of activity after the M l = 4.3 event showed an Omori-type decay which lasted for about one month. During this period the seismicity rate decreased to a few events per day. The spatial distribution of these events is nearly N-S, with the largest event located at the southern tip of this small cloud. Events of this phase are tightly confined in space and seem spatially separated from the previously activated area (Figs 1  and 3) .
In June and July of 2012, the seismic rate was less than ten events per day. At the beginning of August (phase 5 in Fig. 3 ) the seismicity showed a climax with a faster acceleration of the seismic rate compared with the 2011-2012 bursts of activity. Differently from the previous phases, here the rate of events per day showed isolated peaks together with a long-term gradual increase. These isolated peaks could be related to the presence of aftershocks triggered by the largest events (M l > 3). This seismicity phase occurred over two months and culminated on 2012 October 25 with a M l = 5.2 in the same epicentral area activated by the onset of the seismicity. During this phase more than ten M > 3 events occurred, almost all in the (a) (a)
(e) (e) Fig. 1 for reference. The manually chosen windows for the phases discussed in the text are 2010, 2010.7, 2010.9, 2011.7, 2012.35, 2012.6, 2013.02 and 2014.3 . area struck by the main shock except for one that occurred further east in the Castrovillari basin. One month after the M l = 5.2 earthquake, on 2012 November 25, the seismicity suddenly dropped to 10 events per day denoting a new phase of activity (phase 6 in Fig. 3 ). Most earthquakes were clustered in and around the area where the main shock occurred, with a significant enlargement of the area affected by the seismicity. During 2013 the activity moved eastwards showing a small cluster right at the intersection of the Pollino and Castrovillari faults. At the time of writing, the sequence is still ongoing, with occasional events above magnitude 3.
Focal mechanisms and Coulomb stress transfer
We calculate the focal mechanisms for the M l > 3.2 events in the catalogue using data from the Italian permanent seismic network. We use the moment tensor inversion method presented in Cesca et al. (2010 Cesca et al. ( , 2013b , which is based on the fit of full waveforms and amplitude spectra. We obtain 18 double couple solutions for which availability and quality of data allowed us a robust inversion. We find mainly NW-striking normal faulting with centroid depths between 2 and 7 km. A few events have NW-striking oblique mechanisms and centroid depths in the range of 3-5 km. We find one NW-striking pure strike-slip solution with the deepest centroid depth of 11 km (Fig. 1) . Overall, our results are similar to findings by Totaro et al. (2013) . From the distribution of the focal mechanisms we can gain insights into the seismo-tectonic setting of the area, although a more precise relocation of the events is needed in order to image the precise geometry of the structures hosting this seismic sequence.
Normal faulting mechanisms occurring in the western seismic cloud show a high degree of similarity across all the magnitudes and a NNW-SSE strike, with the steepest plane dipping southwest (Fig. 1) . The southwest dipping focal plane is in agreement with the southwestward trending of the depth distribution of hypocentres derived from precise relocation of the events within the sequence (Amato et al. 2012; Govoni et al. 2013; Totaro et al. 2013) . These results seem to show a disagreement between the structure(s) activated by the swarm and the geologically mapped east-dipping Mercure Basin fault (Basili et al. 2008) . Moreover, they are also in contrast with the September 1998 M w = 5.6 normal faulting with northeastward dipping plane occurred in the northern sector of the Mercure basin (Arrigo et al. 2006) , although the conjugate southwestern dipping plane has been proposed by other authors (Brozzetti et al. 2009 ). It is likely that the swarm has been hosted by a different, and so far, unknown blind fault pointing at a more complex tectonic setting of the Mercure basin than a simple graben-like structure.
Moving eastward from the main shock, the two shallow focal mechanisms (FM parameters are reported in Table 1 ) -with hypocentral depths of 3.4 and 3.6 km for the M w = 4.2 and M w = 3.4 events, respectively-show counter-clockwise rotated strikes (about 25 degrees) and almost parallel to the Pollino ridge and fault trace (Fig. 1) . The east-west elongation of the swarm, as depicted by the inferred focal mechanisms, may give some hints on the tectonic structure illuminated by the activity, as we describe in the next paragraph, although the uncertainties associated with the inversion procedure deserve caution for a definitive seismotectonic assessment.
If the two separate main clouds of seismicity ( Fig. 1) are rupturing different segments of the same fault, then this structure could be consistent with the geologically mapped Pollino fault (see Fig. 1 and Papanikolaou & Roberts 2007; Ferranti et al. 2014) , being activated now at its westernmost tip. The migration of seismicity farther east late in the sequence (Figs 1 and 3) , the events recorded in the past (Frepoli et al. 2011 ) and the location of the largest events during the past four centuries (Rovida et al. 2011) would support the hypothesis that a mechanical discontinuity exists running parallel to the Pollino ridge, characterized by low seismic activity. However, with the present few focal mechanisms and without a precise relocation of the events, we cannot rule out that a system of sub-parallel normal faults has been activated by the evolution of the sequence.
The presence of a strike-slip mechanism together with the oblique faulting of some events suggests complexity of the stress field, compatible with a transtensional stress field of the region. Ferranti et al. (2014) calculated the slip rate accumulated onto a southwestdipping normal fault located in the Mercure basin based on GNSS data of surface deformation. They found geodetic slip rate compatible with normal faulting with a minor right-lateral component of the slip. Independent inversion of focal mechanisms performed on different data collected during the ongoing sequence confirm the presence of few pure strike-slip mechanisms or oblique events (Totaro et al. 2013) . All this indicates a transtensional setting of the western sector of the Pollino range with a possible rotation of the stress field into pure strike-slip regime at larger depth. Alternatively, the strike-slip component of the oblique faulting can be explained by re-activation of non-optimally oriented structures embedded in a homogeneous extensional stress regime. Spina et al. (2009) calculated the static stress transfer in terms of Coulomb stresses assuming the Pollino fault and Castrovillari fault to be in turn causative and receiver faults for an event of about M = 6. They conclude that a M = 6 event on the Pollino fault would inhibit slip on the Castrovillari fault (named Frascineto fault in their study), but an event of the same size on the Castrovillari fault may significantly increase the Coulomb stress on the northwestern branch of the Pollino fault. They also argue for a primary role of the Castrovillari fault in accommodating extensive tectonics, indicating the Pollino fault as a weak mechanical discontinuity capable of being loaded by the Castrovillari fault (Spina et al. 2009 ).
Based on the focal mechanisms of the ongoing sequence, we investigate the role of the static stress transferred by the largest event (M w = 5.1, on 2012 October 25) on the eastern side of the Pollino range using the Castrovillari fault as a target fault. This analysis complements the one performed by Spina et al. (2009) Wells and Coppersmith (1994) to constrain the rupture surface given the moment magnitude of the event, obtaining a rupture area of about 20 km 2 . We model the causative fault as a square dislocation (Okada 1992 ) of side 4.5 km, centred at 3.6 km depth (Fig. 4) . The fault strike (166 o ), dip (54 o ) and rake (-79 o ) were set according to the focal mechanism solution in Fig. 1 and the slip (10 cm) was estimated from: M 0 = G * A * s, where M 0 is the static seismic moment calculated in the focal mechanism inversion (Cesca et al. 2010) , G is the rigidity of the crust (set to 25 GPa), A is the rupture area and s is the slip. We calculate the Coulomb stress change ( CFS) according to the formula:
where τ is the traction positive in the slip direction on the receiver fault plane, σ is the normal stress on the same plane positive for extension, and μ = 0.7 is the friction coefficient. The pore pressure change p is related to the normal stress change according to p = B σ , where B is the Skempton coefficient, we assume equal to 0.5. As expected, the static stress change induced in the surroundings by the event is very low on the Castrovillari fault, below 0.01 MPa (see Fig. 4 , panels a and b). Since the estimated Castrovillari fault parameters are very similar to the main fault parameters, the Coulomb stress pattern plotted in Fig. 4 is practically indistinguishable from the Coulomb stress change acting on faults oriented in the same direction as the main fault. Therefore the pattern from panels (a) and (b) in Fig. 4 can also be used to consider the stress change induced by the M w 5.1 event on the swarm area, where the focal mechanisms are all alike.
Given the relatively small extension of the main fault and the uncertainties in the epicentral locations, it is difficult to compare the swarm seismicity following the main event with the computed Coulomb stress change map (Fig. 4, panels a and b) . Moreover, the pattern of the induced Coulomb stress change is strongly depthdependent, and the low precision in the hypocentral depths does not allow us to appreciate different patterns for the swarm seismicity at different depths. Nevertheless, it is interesting to notice that the seismicity occurring within one month after the M w 5.1 event extended mostly northward, coinciding with the positive lobe (enhancing of seismicity) of the Coulomb stress change mapped at shallower depth (Fig. 4 panel a) and farther beyond it. Although somewhat correlated, the epicentral area of the events that occurred in one month following the M w 5.1 event cannot be entirely explained by the spatial extent and the intensity of the Coulomb stress increase (see Fig. 4 panels a and b) . In the present case most of the events fall in an area with positive but very low Coulomb stress change ( CFS < 0.01 MPa; Fig. 4 ), and we argue for an external forcing in play or for a larger strain release rather than only redistribution of static stress due to a M w 5.1 event. We will return to this point later in the discussion section, after a more detailed analysis on the swarm evolution. Additionally, we compute the Coulomb stress change that would affect the area due to a hypothetical rupture as large as the whole area lit up by the swarm activity (see Fig. 4 panels c and d) . We consider a fracture surface of 20 × 10 km, producing a slip of 60 cm (equivalent to a M w = 6.3 event using Wells & Coppersmith (1994) relationship; Fig. 4, panels c and d) . Such a scenario would account for a hypothetical, very large aseismic slip, that may have affected the swarm area since the beginning of the swarm sequence. Yet, such an exercise represents an overestimation of the total seismic moment released by the swarm activity. We find that even in this case the calculated static stresses have low intensity on the Castrovillari fault.
As quantitatively discussed in Passarelli et al. (2013a) and Cesca et al. (2013a) , positive variation of the Coulomb stress, even of a small intensity similar to what we find on northern portion of the Castrovillari fault (Fig. 4) , leads to an increase of triggering probability. The magnitude of the increase of probability scales with the intensity of the Coulomb stress and decreases in time according to the decay rate of aftershocks (Dieterich 1994; Passarelli et al. 2013) . However, the possibility that a major tectonic event is triggered is mainly controlled by the tectonically pre-loaded stresses (Cesca et al. 2013a; Passarelli et al. 2013) , so that the possibility that an earthquake on the Castrovillari fault is triggered due static stress interaction with seismic events in the Mercure basin cannot be excluded.
Seismic swarm statistics and transient forcing
The relative abundance of small to large magnitude events is described by the b-value of the frequency-magnitude distribution (Gutenberg & Richter 1944) . Relative changes of b-values in space and time are often interpreted as a change in the confining stress within the seismogenic crust. Lower b-values, indicative of a large proportion of larger size events, correspond to higher confining stress (Schorlemmer et al. 2005) . The relative variations of the b-values across a sequence are helpful in identifying changes in the earthquake generation process (Wiemer & Wyss 2002) . In this sense a careful analysis of the temporal evolution of the frequency-size statistics for each single phase of the sequence may help to constrain the underlying physical processes.
For the Pollino sequence we study the frequency-magnitude distribution of events by using the b-stability method (Woessner & Wiemer 2005) . The magnitude of completeness M c varies between 1.1 earlier in the sequence and 1.3 at the end of it (Fig. 5a) . The b-values oscillate somewhat showing a general feature: The b-values are larger during periods of lower rate of activity and lower when activity is intense (see Figs 5b and c) . Also, a general decrease of b-value is observed in the time prior to the main shock. M c seems correlated with b-values, so in order to check for a possible interdependency, we performed the same analysis after fixing M c to its highest value of 1.3 finding the same trend.
The observation of decreasing b-values correlated with an increasing rate of seismicity seems to be a common characteristic of some tectonic swarms (Hainzl & Fischer 2002; Hiemer et al. 2012) although the physical mechanisms behind this is still unclear. of events (i.e. mirrored in the b-values in Fig. 5 ) when the seismicity rate is high might suggest another process in play rather than simply fluid-induced seismicity for the Pollino swarm.
We also study the distribution of interevent times by selecting events M > M c = 1.3. If the earthquakes in a catalogue can be modelled as a Poisson process, the interevent times follow an exponential distribution (Kagan & Jackson 1991) . In general, a Poissonian model fits seismicity well only when main shocks are considered, while aftershocks or swarm-like sequences introduce clustering in the earthquake sequences. By means of the coefficient of variation (CV), that is the ratio between the standard deviation and mean of the population of interevent times, we check when interevent times depart from an exponential distribution. Exponential distributed variables have CV = 1 while overdispersed data take CV > 1 indicating a degree of clustering in time usually described well with a power-law behaviour. Swarm-like sequences are expected to have a high degree of clustering (CV > 1) and interevent times show selfsimilarity in a time scale from minutes to days (Hainzl & Fischer 2002; Hiemer et al. 2012; Hainzl et al. 2012) .
As expected, we find a high degree of clustering when we use all data in the sequence (Fig. 6) . In detail, CV is close to one before the onset of the swarm (i.e. phase 0) indicating random occurrence of events, mainly due to the fact that in this time lapse seismicity is small in magnitude (M ∼ 0.5-2.5) and the restriction to events with M ≥ M c = 1.3 practically declusters the catalogue. For all the other phases, CV takes values larger than 1, with empirical distribution of interevent time compatible with a power-law model (see Fig. 6 ); only for phase 0 we cannot reject at 5 per cent confidence level the null hypothesis of exponentially distributed interevent times. This is similar to fractal temporal clustering found for example for the 2000 and 2008 Vogtland swarms (Hainzl & Fischer 2002; Hainzl et al. 2012; Hiemer et al. 2012 ). There, a similar degree of dispersion of interevent times has been interpreted as a common triggering mechanisms across all sequences (Hainzl & Fischer 2002) . This explanation may apply also to the Pollino sequence.
Earthquakes swarms are usually the result of the interplay between aseismic forcing acting on tectonically loaded structures and earthquake-earthquake self-interaction. In this way, the observed seismicity results from the contribution of two processes: One is related to stress changes related to aseismic processes, the other one is related to earthquake-induced stress changes. While the second one is interesting for studying earthquake interactions, the first process is of major interest for exploring the initiation mechanism of the whole sequence. A recently published model based on the Epidemic Type Aftershock Sequences (ETAS) model is suitable to separate the two aforementioned contributions buried in the seismicity rate (Hainzl & Ogata 2005; Marsan et al. 2013) . The formulation of the temporal ETAS model postulates that seismicity rate λ(t) is given by the sum of a constant background rate μ and a time dependent term for earthquake-earthquake triggering given by a combination of earthquake production and Omori law (Ogata 1988) . Hainzl & Ogata (2005) proposed a modification of the model where the background term μ(t) can account for time variation due to changes in the external aseismic forcing:
where parameters c and p are related to the Omori law, K and α are related to the empirical magnitude-dependent aftershock productivity. We use in this study an improved method proposed by Marsan et al. (2013) which allows us to systematically separate the relative contribution of transient forcing and earthquake-earthquake triggering mechanisms (see also Hainzl et al. 2013) . The methodology uses an iterative optimization procedure that simultaneously makes inference on μ(t) and the aftershock parameters (second term of eq. 2) by means of the ETAS model. The background rate μ(t) is smoothed by calculating the probability of events being background in a chosen window of n events, and then it is used for optimizing the aftershock parameters in eq. (2) via maximum likelihood estimation. The algorithm is iterated until all parameters in the right-hand of eq. (2) converge (Hainzl et al. 2013; Marsan et al. 2013) . The smoothing window is crucial: For weak smoothing, the model favours a strong time dependence with a large fraction of the earthquakes associated with it, while the time dependence becomes negligible for strong smoothing. The optimal smoothing is determined by the Akaike Information Criterion (AIC, Marsan et al. 2013) . We apply this method to the catalogue where all M < 1.5 events were removed. The parameters were then optimized for the M > 2.0 events (to account for possible partial incompleteness for the smaller magnitude events) in the time interval starting 1500 d before the main shocks until the end of the catalogue. The recorded time intervals that are typically incomplete immediately after larger earthquakes are also not used for parameter estimations according to Hainzl et al. (2013) . We deliberately increase the cut-off magnitude for this analysis since both the inversion and optimization of ETAS parameters are more sensitive to catalogue incompleteness than the statistical analyses previously performed.
The resulting ETAS parameters are provided in Table 2 for a constant background rate (infinite smoothing) and for a smoothing window of eight events. The latter model is clearly superior based on its AIC value and indicates that a large number of events were directly driven by an aseismic forcing. In particular, only the minority of events are found to be aftershocks in the Pollino sequence, while the majority of events (75 per cent) are identified as 'background' events. The estimated ETAS parameters are all in the range of typical values observed in other regions (e.g. Hainzl et al. 2013) . The optimized fit is shown in Fig. 7 where the estimated background rate is shown as grey shaded area. The ETAS fit is rather good and the inferred 'background' forcing undergoes different accelerating phases throughout the sequence. After a small increase of the seismicity rate at the beginning of the swarm in October 2010, the first considerable acceleration coincides with phase 3 of the sequence almost one year before the main shock in Fall 2011. An even faster 
D I S C U S S I O N
One of the major advantages of long lasting seismic sequences is that they allow us to image in detail the hosting tectonic structures. This is especially valuable when they are unknown beforehand (Valoroso et al. 2013) , as for the Pollino seismic sequence. The normal faulting style of the sequence is compatible with the inferred strain field of the area (Ferranti et al. 2014) , while the strike orientation of the two largest shocks depicts a more complex geometry of the activated faults. A departure from a purely extensional stress field in the region of the swarm seems rather robust in our and other focal mechanisms solutions (Totaro et al. 2013 ) and inversion of deformation data (Ferranti et al. 2014) . Here, we confirm a possible heterogeneity in the stress field resulting in a more complex transtensional regime with a large component of extension. The question if the transtensional setting is the westernmost prolongation of the Pollino shear zone, as already recognised by several authors (Schiattarella 1998; Ferranti et al. 2009; Faccenna 2011; Totaro et al. 2013) needs deeper investigation by means of more focal mechanism solutions and deformation data of the area.
Two alternatives are conceivable at this stage for the tectonic structure(s) activated by the swarm: (1) The whole sequence is hosted by the same WNW-ESE running structure compatible with the mapped Pollino fault; (2) The sequence activates a system of normal faults with subparallel strikes. Both scenarios are possible based on the geomorphology and tectonics of the area (Papanikolaou & Roberts 2007; Brozzetti et al. 2009 ). In case the first scenario applies, this would point at interesting properties of the activated fault. The swarm would have activated a segment about 15 km long with a highly variable rate of activity on different portions of the fault. That might be explained by invoking different degrees of locking along the fault (Figs 1 and 3) due, for example, to small or large-scale geometrical factors, or to an inhomogeneous fault rheology. In addition, the lack of seismic activity moving eastward along the Pollino fault trace could result from the lower strain rate measured and modelled for the Castrovillari basin (Ferranti et al. 2014) . On the other hand, a system of normal faults, as in scenario 2, was mapped in the northern part of the Mercure basin and was activated by the main shock-aftershocks sequence of the September 1998 M w 5.6 earthquake (Brozzetti et al. 2009 ).
The spatial and temporal behaviour of the seismicity we describe here is consistent with the general characteristics of swarm-like seismicity Hainzl et al. 2012) . We observe:
(1) a lack of an early, clear main shock in sequence followed by aftershocks (Fig. 3a) ; (2) a significant deviation from a clear Omoritype decay in the seismic rate, with the only exception being the subsequence following the M w 4.2 event of 2012 May 28 (Fig. 3a) ; (3) variations in b-value along the sequence, in particular a decrease preceding the largest shock on 2012 October 25 (Fig. 5) , (4) The sequence has affected a much larger volume of rock than what is expected according to the largest magnitude event: a M w 5.1 has occurred while the volume of rock affected corresponds rather to a M ∼ 6 (Fig. 4) and (5) a significant expansion of the focal area during the sequence (Figs 3b-e) .
In particular, our ETAS-based modelling of the seismicity shows that a large proportion of the events, about 75 per cent, are not aftershocks. This implies a strong aseismic forcing acting on top of the tectonic stresses loaded secularly, supporting the hypothesis of an additional physical process in place (Dieterich 1994; Toda et al. 2002) . All these characteristics are usually explained by invoking fluid infiltration at crustal depth or pore pressure diffusion (Shapiro et al. 1997; Parotidis et al. 2003; Peng & Gomberg 2010; Hainzl et al. 2012) .
For some swarm sequences it was possible to observe deformation not justified by the energy released seismically. Aseismic transient slip was then invoked, accompanied by microseismicity taking place on stronger fault patches (Lohman & McGuire 2007; Ozawa et al. 2007; Kato et al. 2012) . A large role played by fluids (either due to increase of pore pressure or fluid infiltration within the seismogenic zone) may favour aseismic slip by lowering the normal stress on the fault plane. Infiltration of fluids may also cause an expansion of the focal area due to an incremental stress accumulation leading to larger ruptures (Hainzl & Fischer 2002) . The presence of fluids in the Pollino shallower crust down to 10 km is consistent with the large scale v p /v s anomaly (Barberi et al. 2004; Totaro et al. 2014) , with the low geothermal gradient (Della Vedova et al. 2001) , electro-magnetic signals associated to the seismic sequence (Balasco et al. 2014) , and variation in time of the v p /v s ratio throughout the seismic sequence (Piccinini et al. 2014 submitted to BGTA).
Interestingly, the fastest acceleration in the seismic rate occurred in the three months before the largest event in October 2012. This was accompanied by a decrease of the b-value, leading to a predicted increased likelihood of a larger magnitude earthquake. Laboratory fracturing experiments and studies on natural seismicity have shown that low b-values are associated with increased levels of confining stress (Scholz 1968; Schorlemmer et al. 2005) . In the present case, a high seismicity rate coupled with a low b-value may indicate a change in the dynamics of the aseismic forcing (for example a transient decrease of pore pressure) or, alternatively, the activation of regions with different rock rheology and thus different seismogenic characteristics. The relation between maximum observed magnitude, b-values and seismic rate should be better investigated in future analyses of seismic swarms.
Depending on erosion or sedimentation rates, fault mechanisms and soil type, in palaeoseismic studies it is very difficult or impossible to distinguish between offsets due to 'regular' earthquakes and transient aseismic slip ('slow' earthquakes) . At the time of the discovery of palaeoseismicity on the Castrovillari fault the lack of large historical earthquakes was explained with a lack of historical data. However, in recent years the knowledge of the historical seismicity of the Pollino range has greatly improved and the area is now known to be often subject to long-lasting seismic sequences Tertulliani & Cucci 2014) . At least during the last 400 yr, swarm-like sequences with largest shocks of 5 < M < 6 have been the known behaviour of the central part of the Pollino mountain range.
In the light of our analysis, the lack of recent large earthquakes and the existence of large 'palaeoseisms' may be consistent with two main scenarios: (i) the faults alternate large brittle-failure events with 'passive' seismic swarms (that do not release a significant portion of the tectonically loaded stresses). The faults may therefore now be loaded with large strain. (ii) the faults tend to release strain largely aseismically. Episodes of transient slip, releasing the majority of the moment are accompanied by seismic swarms, that release only a small fraction of the energy through seismic waves. High resolution geodetic monitoring can indicate which one of the two scenarios is the most likely by simply budgeting the total geodetic moment accumulated and that released seismically by the sequence. Systematic studies of the variation of the seismic wave velocities in the focal area (as in Dahm & Fischer 2014) or within the seismogenic volume (Piccinini et al. 2014 submitted to BGTA) will help constrain the physics of the fracturing process and will help show whether pathways for fluid circulation have opened during the sequence enhancing the seismic activity (Lucente et al. 2010) .
Creeping was invoked for the Castrovillari fault by Sabadini et al. (2009) on the basis of InSAR data and local GPS campaigns before the onset of the earthquake swarms. The centimetre scale creeping inferred by Sabadini et al. (2009) is not consistent, if persisting over time, with the lack of surface expression of high deformation along the trace of the Castrovillari fault. However, we cannot rule out a largely aseismic transient slip in the Mercure basin as the initiating and/or driving mechanism of the swarm sequence. A large aseismic release of geodetic moment during the seismic swarm in the Mercure Basin fault is not inconsistent with the low seismic activity on the Castrovillari fault. As illustrated by our Coulomb stress changes maps for a hypothetical M ∼ 6 event, a large stress increase is predicted in the epicentral area of the swarm but low intensity stresses are induced on the Castrovillari fault. At present, without precise locations and no constraints from deformation data, it is difficult to say if the swarm was accompanied by a large aseismic release of geodetic moment and if the low-seismicity fault portions are linked to creeping or to increased locking.
Traditional hazard estimation methods are based on the knowledge of the structures involved and on estimates of the parameters of the Gutenberg-Richter relation, maximum magnitude and ground motion prediction. Regardless of the physical mechanism in place, during seismic swarms and certainly during the Pollino sequence all these quantities are poorly known or strongly time-dependent and in general affected by large uncertainties. This makes it difficult to estimate the seismic hazard with traditional methods.
A possible strategy to decrease uncertainties is to develop methods to incorporate, beside the seismicity and tectonic loading of the area, the monitoring of a large number of parameters: Deformation, changes of velocity of seismic wave in the crust, physicochemical properties of fluids in wells and thermal-and hot-springs.
Understanding co-variation of those signals with the seismic rate is of crucial importance to better estimate the hazard due to natural (and man-made) fluid-related seismic activity.
C O N C L U S I O N S
In this work, we have examined the geometrical, mechanical and statistical characteristics of the seismic swarm striking the Pollino range region. Focal mechanisms show primarily NNW-SSE normal faulting with some events having a right-lateral component of slip. We interpret this as a result of the transtensional stress field acting in the southern part of the Mercure Basin. Due to a lack of resolution on the hypocentres of the events, we cannot definitively discriminate the tectonic structures hosting the sequence but we discuss two possible alternative scenarios: One single curved structure or a system of subparallel faults. It is difficult to explain the spatial and temporal evolution of the sequence only in terms of static stress transfer due to the larger earthquakes within the sequence, so we argue for an external forcing as a driving mechanism of the swarm.
The external forcing is confirmed by analysis of the sequence using the ETAS model. Results indicate 75 per cent of the earthquakes in the sequence may be attributed to a transient forcing and the rest is normal aftershock activity. Changes of b-values in time throughout the sequence also support the external forcing hypothesis since low b-values correlate with the period of highest seismicity rate and with the occurrence of the largest shock. Yet, whether the external forcing is due to transient and aseismic slip episodes can only be resolved by linking high precision earthquake locations and high resolution geodetic monitoring. The swarmy propensity, as also backed by new analysis of the historical activity, can be a manifestation of 'passive' energy release of small fault patches failing on a largely locked fault or part of 'active' and largely aseismic release of energy by transient slip.
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